Staphylococcus aureus small-colony variants (SCVs) persist intracellularly, which may contribute to persistence/recurrence of infections and antibiotic failure. We have studied the intracellular fate of menD and hemB mutants (corresponding to menadione-and hemin-dependent SCVs, respectively) of the COL methicillin-resistant S. aureus (MRSA) strain and the antibiotic pharmacodynamic profile against extracellular (broth) and intracellular (human THP-1 monocytes) bacteria. Compared to the parental strain, SCVs showed slower extracellular growth (restored upon medium supplementation with menadione or hemin), reduced phagocytosis, and, for the menD SCV, lower intracellular counts at 24 h postinfection. Against extracellular bacteria, daptomycin, gentamicin, rifampin, moxifloxacin, and oritavancin showed similar profiles of activity against all strains, with a static effect obtained at concentrations close to their MICs and complete eradication as maximal effect. In contrast, vancomycin was not bactericidal against SCVs. Against intracellular bacteria, concentration-effect curves fitted sigmoidal regressions for vancomycin, daptomycin, gentamicin, and rifampin (with maximal effects lower than a 2-log decrease in CFU) but biphasic regressions (with a maximal effect greater than a 3-log decrease in CFU) for moxifloxacin and oritavancin, suggesting a dual mode of action against intracellular bacteria. For all antibiotics, these curves were indistinguishable between the strains investigated, except for the menD mutant, which systematically showed a lower amplitude of the concentration-effect response, with markedly reduced minimal efficacy (due to slower growth) but no change in maximal efficacy. The data therefore show that the maximal efficacies of antibiotics are similar against normal-phenotype and menadione-and hemin-dependent strains despite their different intracellular fates, with oritavancin, and to some extent moxifloxacin, being the most effective.
S
mall-colony variants (SCVs) are a naturally occurring subpopulation of bacteria with distinctive phenotypic features, among which the most characteristic is the formation of colonies having about 1/10 of the normal size. They have been described in many bacterial species and recovered in clinical samples from patients presenting persistent or recurrent infections (42) . In Staphylococcus aureus, SCVs are mostly nonpigmented and nonhemolytic; their slow growth is due to auxotrophism for distinct growth factors such as menadione, hemin, and/or thymidine. Menadione-and hemin-dependent strains are defective in electron transport (35) . Mutations in the menadione biosynthetic enzymes cause depletion in menaquinone, which normally forms a complex with cytochromes involved in electron transport, while failure to produce hemin blocks the synthesis of these cytochromes. Thymidine-dependent strains are deficient for dTMP synthesis and therefore unable to synthesize DNA (42) . These SCVs often escape detection in routine laboratory testing because their auxotrophic character requires specific nutritional supplementation or prolonged culture (64) . However, in epidemiological surveys looking specifically for their presence, SCVs of S. aureus are easily detected in a number of situations of chronic and relapsing infections. For instance, SCVs are observed in the sputum of 70% of patients suffering from cystic fibrosis (22) , with about two-thirds of these strains harboring a thymidine-dependent phenotype (related to the chronic administration of trimethoprim-sulfamethoxazole in these patients) and one-third showing dependence on menadione or hemin or even double auxotrophism (12, 18, 21) . Hemin-or menadione-dependent mutants are most frequent in osteomyelitis or device-associated infections, especially in patients treated with aminoglycosides (41, 42) .
Small-colony variants show an enhanced ability to invade and persist in both phagocytic and nonphagocytic cells (2, 50, 56, 63, 65) , which protects them from the immune system, makes them less accessible to antibiotics, and contributes to their survival. Therefore, the treatment of these intracellular forms requires the use of antibiotics not only displaying activity against SCVs but also presenting cellular pharmacokinetic and pharmacodynamic properties that enable them to act intracellularly (59) .
In a previous study, we compared the intracellular activities of a series of antibiotics against a thymidine-dependent SCV isolated from a cystic fibrosis patient and its isogenic normal-phenotype while still effectively preventing extracellular contamination (verified to be Ͻ5% of the total number of bacteria in samples under these conditions). Antibiotic activity was assessed by CFU counting (the large dilution of samples before spreading on agar plates for CFU counting ensured the absence of carryover effect [39] ). The SCV character of the strains was maintained based on the observation of the size of the colonies. Electron microscopy was performed on samples prepared as previously described, with infection carried out at a bacterium/macrophage ratio of approximately 20 to allow visualization of a sufficiently large number of intracellular bacteria (7) .
Curve fitting and statistical analyses. Concentration-response studies were performed against both extracellular and intracellular bacteria, as described previously (7) . Curve-fitting analyses were made using GraphPad Prism version 4.03 (GraphPad Software, San Diego, CA). Data were used to fit monophasic or biphasic sigmoidal functions (Hill equations with slope factors set to 1). The monophasic equation is
and the biphasic equation is
log 10 EC 50_1 ϪX ͔͖ϩEmin ϫ ͕fract ϩ ͓1 ϩ 10 log 10 EC 50_2 ϪX ͔͖͒ (2) where (i) Y is the log 10 of the change in CFU and X is the log 10 of the antibiotic concentration (in multiples of the MIC in broth) in both functions, (ii) EC 50 is the concentration at which the change in log 10 CFU is halfway between E min and E max function in the monophasic function, and (iii) EC 50_1 and EC 50_2 are the concentrations at which the change in log 10 CFU is halfway between E min and the first plateau and between this first plateau and E max , respectively, and fract is the fraction of the total response associated with the first phase in the biphasic function. This allowed us to obtain, for each condition, numeric values of (i) relative minimal efficacy (E min ; CFU increase in log 10 units at 24 h compared to the original inoculum, as extrapolated for an infinitely low concentration of antibiotic), (ii) relative maximal efficacy (E max ; CFU decrease in log 10 units at 24 h compared to the original inoculum, as extrapolated for an infinitely large antibiotic concentrations), and (iii) drug static concentration (C s , concentration of antibiotic resulting in no apparent bacterial growth compared to the original inoculum as determined by graphical interpolation and, in the case of a biphasic response, the proportion of the total response that could be ascribed to the first and the second wave of CFU decrease). Statistical analyses were performed with GraphPad Instat version 3.06 (GraphPad Software).
RESULTS
Extracellular growth and effect of menadione or hemin supplementation. In the first series of experiments, we compared the growth rate of SCVs with that of the parental isogenic strain in broth, by following over time the optical density at 620 nm (OD 620 ) of the bacterial suspension (Fig. 1) . Compared to the wild-type isogenic strain, both menD and hemB mutants were characterized by a reduced apparent extracellular growth, reaching only 20 to 30% of the optical density of the parental strain at 24 h. Bacterial counts were recorded in parallel and confirmed this slower growth (CFUs for SCVs were ϳ60% of the value measured for the wild-type strain). The genetically complemented hemB strain showed a growth similar to that of the parental strain. Addition of hemin (0.5 to 4 mg/liter; data are shown for 2 mg/liter) fully restored the growth of the hemB mutant without affecting that of the parental strain. In contrast, the addition of 2 mg/liter menadione sodium bisulfite (MSB) (or menadione; data not shown) only partially increased the growth rate of the menD mutant without effect on the parental strain. Higher concentrations of MSB were tested but appeared toxic, as they caused a concentration-dependent decrease in the culture OD 620 (data not shown).
Phagocytosis and intracellular growth. In a subsequent step, we compared the capacities of the parental strain, its two SCV derivatives, and the genetically complemented hemB strain to infect THP-1 monocytes (Fig. 2) . Considering phagocytosis first (left panel), both SCV strains were less efficiently internalized by monocytes than were the normal-phenotype or hemB-complemented strains, which showed similar rates of uptake. To assess the intracellular growth (right panel), viable counts were measured after 24 h of incubation (with data obtained in broth presented in parallel for comparison). The growth rates of all strains were much lower intracellularly than in broth. Thus, the parental strain, the hemB mutant, and the genetically complemented strain gained 1 to 1.5 log CFU versus 2.3 to 3.1 log CFU in broth. Interestingly, the menD mutant did not show significant intracellular growth, with only a 0.2-log increase in CFU over the 24-h period. Yet, MSB supplementation brought the intracellular counts at 24 h of the menD mutant back to the value observed for the parental strain, while hemin supplementation had no effect on the hemB mutant.
Intracellular localization of bacteria. Electron microscopy showed that all strains were present in membrane-delineated vacuoles, some of which contained several bacteria (Fig. 3) . Susceptibility testing. The MICs of a large series of antibiotics were tested against the COL strain and its derivatives. It appeared susceptible to most of them except ␤-lactams, tetracycline, and trimethoprim-sulfamethoxazole (see Table S1 in the supplemental material). Six antibiotics were selected for this study based on their known bactericidal character in broth against S. aureus (␤-lactams were not included because of the MRSA phenotype of the COL parental strain). MICs were measured in broth at pH 7.4 and 5.5, to mimic the pHs of the extracellular milieu and of the lysosomal environment, respectively (Table 1) . Among these antibiotics, only gentamicin and moxifloxacin showed a significant (2-log 2 -dilution) increase in MIC against SCVs, which was reversed by hemin supplementation for the hemB strain but not by MSB for the menD strain. Oritavancin was slightly more active against the menD mutant than against the parental strain. When measured at acidic pH, MICs were globally similar, except for gentamicin, which showed higher MICs against the two SCVs. Again, susceptibility was recovered upon addition of hemin in tests involving the hemB strain but not upon addition of MSB in tests involving the menD strain.
Activities of antibiotics against extracellular and intracellular S. aureus. The activities of antibiotics were then examined in parallel against extracellular (in broth) and intracellular (infected THP-1 cells) bacteria after 24 h of incubation. We compared the parental wild-type strain with its menD and hemB mutants, the menD mutant in medium supplemented with 2 mg/liter MSB, and the genetically complemented hemB strain. Antibiotics were added to the medium over a wide range of concentrations, which allowed us to obtain the pertinent pharmacological descriptors of activity (relative minimal efficacy [E min ], relative maximal efficacy [E max ], and apparent static concentration [C s ]; see reference 7 and Materials and Methods for a description of the models used and of the corresponding parameters). A graphical representation of the data is presented in Fig. 4 and 5, with the numerical values for pharmacological descriptors shown in Table 2 . All data are presented as a function of the extracellular concentration (expressed in multiples of the MIC measured at pH 7.4 for extracellular bacteria and at pH 5.5 for intracellular bacteria). Figure 4 shows the concentration-response profiles of the 3 antibiotics with moderate activity against SCVs (MICs, Ն0.25 mg/ liter), and Fig. 5 shows the concentration-response profiles for those displaying lower MICs and which previously proved the most active against a thymidine-dependent SCV of S. aureus (38) . Numerical data are presented overall in Table 2 , and data for individual strains and antibiotics are presented in Tables S2 and S3 in the supplemental material.
Considering extracellular bacteria (left panels, Fig. 4 and 5), a monophasic sigmoidal regression was found to fit the data for each antibiotic and for each strain. For all strains, E min (bacterial growth in the absence of antibiotic) values were similar (all comprised between approximately a 2-and a 3-log 10 -CFU increase over the initial inoculum), and the static concentrations (C s ; in Both normal and SCV phenotypes were seen in membrane-bound structures with, in some cases, the appearance of several bacteria in a single vacuole, suggestive of intracellular multiplication. Bar, 500 nm. multiples of the MIC in broth) were similar for all antibiotics (all at a value close to the corresponding MIC). For all antibiotics except vancomycin, E max (maximal relative efficacy) was close to the lower limit of detection (about a 5-log 10 -CFU decrease compared to the original inoculum; this was even observed for gentamicin, indicating that this antibiotic remained highly bactericidal against SCVs in spite of its increased MIC). In contrast, vancomycin was clearly less effective against the two SCV strains (menD and hemB) with E max values at ϳ2.5-log 10 CFU only (P Ͻ 0.05 by analysis of variance [ANOVA] compared with the other strains)
FIG 4
Concentration-response curves of vancomycin, daptomycin, and gentamicin against the extracellular (broth, left panels) and intracellular (THP-1, right panels) forms of the S. aureus parental strain with the wild-type phenotype (WT), its menD mutant under control conditions (menD) or in medium supplemented with 2 mg/liter MSB (menDs), its hemB mutant (hemB), and the hemB genetically complemented mutant (hemBgc). Bacteria and infected cells were incubated in the presence of increasing concentrations of antibiotics (total drug) for 24 h. The ordinate shows the change in the number of CFU (log scale) per ml of broth (extracellular bacteria) or per mg of cell protein (intracellular bacteria). The solid horizontal line corresponds to an apparent static effect, and the dashed line corresponds to the limit of detection. The abscissa shows the drug concentration in broth (extracellular) or in the culture medium (intracellular) expressed in multiples of the MIC measured at pH 7.4 (extracellular), pH 5.5 (intracellular, except hemB strain), or pH 5.5 in the presence of hemin (hemB strain, based on data in Fig. 2 suggesting the availability of hemin-like compounds in the cellular medium). All values are means Ϯ standard deviations (SD) of three independent determinations (when not visible, the SD bars are smaller than the size of the symbols). Experiments have been reproduced 3 times with similar results.
but it showed a maximal relative efficacy similar to that of the other antibiotics when tested against the wild-type (WT) strain, the hemB-complemented strain (hemBgc), or the menD strain in the presence of MSB (menDs). Moving now to intracellular bacteria, the menD mutant (i) grew considerably more slowly than all the other strains (E min ranging between 0.5-and 1.5-log 10 -CFU increase versus approximately 3 log 10 CFU increase for the other strains or for the same strain in the presence of MSB [menDs]) and (ii) showed a C s somewhat lower (3-to 16-fold) than those for the other strains. A second key observation is that for all strains and for all antibiotics except moxifloxacin and oritavancin, E max never reached more
FIG 5
Concentration-response curves of rifampin, moxifloxacin, and oritavancin against the extracellular (broth, left panels) and intracellular (THP-1, right panels) forms of the S. aureus parental strain with wild-type phenotype (WT), its menD mutant under control conditions (menD) or in medium supplemented with 2 mg/liter MSB (menDs), its hemB mutant (hemB), and the hemB genetically complemented mutant (hemBgc). Bacteria and infected cells were incubated in the presence of increasing concentrations of antibiotics (total drug) for 24 h. The ordinate shows the change in the number of CFU (log scale) per ml of broth (extracellular bacteria) or per mg of cell protein (intracellular bacteria). The plain horizontal line corresponds to an apparent static effect, and the dotted line corresponds to the limit of detection. The abscissa shows the drug concentration in broth (extracellular) or in the culture medium (intracellular) expressed in multiples of the MIC measured at pH 7.4 (extracellular), pH 5.5 (intracellular, except the hemB strain), or pH 5.5 in the presence of hemin (hemB strain, based on data in Fig. 2 suggesting the availability of hemin-like compounds in the cellular medium). All values are means Ϯ standard deviations (SD) of three independent determinations (when not visible, the SD bars are smaller than the size of the symbols). Experiments have been reproduced 3 times with similar results. 
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than a 2-log 10 -CFU decrease compared to the original inoculum, which is considerably less than that in broth (E max values of the menD mutant strain were, however, slightly more negative than those of the other strains for daptomycin and gentamicin). Moreover, with gentamicin, both the hemB mutant and the genetically complemented hemB mutant differed from the menD mutant in medium supplemented with MSB (the latter shows a C s as low as that of the menD strain, which can be ascribed to the fact that MSB supplementation does not decrease its MIC [P Ͻ 0.001 by ANOVA]). In all those cases, a monophasic Hill equation could be fitted to the data. In contrast, the shape of the responses to moxifloxacin and oritavancin for all strains (including the menD mutant) was clearly biphasic, as previously described for oritavancin with a thymidine-dependent SCV (38) . A first plateau could be identified at ϳ1-log 10 CFU decrease (compared to the original inoculum) for an extracellular concentration of about 10ϫ the MIC (and accounting for about half of the total response for oritavancin and about three-fourths for moxifloxacin) followed by a second response that reached 2.5 to 3.5 log 10 decrease from the initial inoculum at the maximal concentration tested. Lastly, C s values were close to those observed extracellularly, except for rifampin (probably in relation to its very low MIC at acidic pH). Table 3 illustrates for each antibiotic the efficacy that could be reached when extracellular or intracellular bacteria are exposed to a range of concentrations mimicking those than can be achieved in human serum upon treatment with conventional dosages. All drugs were bactericidal against extracellular bacteria, except vancomycin against the menD mutant. In contrast, only oritavancin, moxifloxacin, and rifampin were able to reduce the intracellular inoculum of more than 0.8 log 10 CFU for all strains over a range of concentrations mimicking free trough and peak in human serum.
DISCUSSION
The present study is the first to systematically evaluate the activity of antibiotics against the intracellular forms of hemB and menD mutants mimicking the SCV phenotype using a pharmacodynamic approach. A series of novel observations has been made, with respect to both the intracellular infection of monocytes by these strains and antibiotic activity.
Considering initial intracellular infection by itself, we found that the internalization rate was lower for both SCVs than for their parental strain with normal phenotype. A similar behavior was reported for a menB SCV mutant in the same model of THP-1 cells (46), as well as for a series of SCVs collected from cystic fibrosis patients, which were less phagocytized by polymorphonuclear leukocytes (PMN) than were their normal-phenotype counterparts (45) . The effect is probably not related to differences in the abilities of SCVs and parental strains to adhere to the macrophage cell surface, because the COL strain used here does not express a series of surface proteins playing a role in adhesion (62). This is not specific to COL, which was initially a clinical isolate, since a huge variability in adhesion properties has also been documented for other clinical isolates of S. aureus (3, 23, 49, 58) . Our data, therefore, may suggest that the differences in intracellular inocula observed are probably due to a less avid phagocytosis of SCVs. We know, for example, that the genes involved in capsule synthesis are upregulated in the menD mutant (24), which may contribute to reducing its internalization. Interestingly, also, we found that the intracellular survival of the hemB mutant was similar to that of the parental strain while that of the menD mutant was much lower. Because the growth of the latter was reversed upon menadione bisulfite supplementation, we may suggest that the cellular medium contains the nutrients needed for counterbalancing the slow growth of the hemin-dependent strain but not that of the menadione-dependent strain. These nutrients may possibly come from the culture medium, which contains transferrin that may act as an alternative hemic iron transporter. Other reports suggest that supplementation of the medium by hemin or menadione actually reduces the capacity of the SCVs to persist within the cells by increasing toxin production, thereby favoring its capacity to escape from phagolysosomes (5, 21, 66) . While these studies have all been performed in nonprofessional phagocytes where internalized S. aureus cells seem to reach the cytosol, our experiments were made with macrophages where we show here that SCVs remain localized in vacuoles of phagocytes after 24 h of infection. This suggests that the nature of the host may be critical. Considering antibiotic activity against extracellular bacteria, we show, as anticipated (40) , that gentamicin is less active against SCVs than against the normal-phenotype strain, the difference being particularly impressive at acidic pHs. This can be explained by a decrease of susceptibility to aminoglycosides in SCVs, which is known to result from a low electrical potential across the plasma membrane (⌬⌿) within the bacteria (36), the latter being further decreased in acidic medium (15, 34) . We also noted a slight increase in moxifloxacin MIC against SCVs compared to wild-type bacteria, but this may not be generalized as it is not observed in surveys of clinical isolates of SCVs (19) . More conspicuously, these changes were reversible upon supplementation by hemin but not by menadione. This contrasts with the fact that genetically complemented menadione-dependent clinical isolates with mutations in the menB gene have been shown to fully recover their susceptibility to gentamicin (25) . Yet, previous studies showed that supplementation does not necessarily restore gentamicin activity (36) , suggesting either that mutations in menD are less easily compensated for by menadione supplementation than are mutations in menB (MenD is involved in an earlier step of menadione synthesis than is MenB [20] ) or that other defects affecting gentamicin transport do exist in the mutant that we used. We cannot exclude, however, the possibility that the bisulfite form of menadione is less active in vitro than in vivo due to a limited metabolism. Concentration-effect studies single out vancomycin as the only antibiotic which loses its bactericidal character against SCVs while its MIC remains unchanged (thus turning vancomycin into a bacteriostatic drug). This effect could result from the fact that cell wall synthesis is reduced in SCVs (40) . In contrast, daptomycin, aminoglycosides, fluoroquinolones, oritavancin, and, to a lesser extent, rifampin have been shown to remain bactericidal against extracellular slow-growing bacteria (11, 33, 37, 54) .
Considering intracellular activities, we demonstrate overall a reduced maximal efficacy for all tested antibiotics, compared to what can be obtained in broth. This is in line with what we have repeatedly described for S. aureus of different origins and resistance phenotypes and for most antibiotics tested in this in vitro model of THP-1 monocytes as well as in other models of phagocytic and nonphagocytic cells (7, 27, 29, 31, 38) . The present data, however, expand those observations in two main directions.
First, and most strikingly, we see that the impairment of intracellular growth exhibited by the menD mutant is not accompanied by a decrease of its susceptibility to antibiotics when examined in concentration-dependent experiments. Thus, even though the amplitude of the response (as defined by the E min -to-E max span) is reduced, this is entirely due to the decrease in E min . This is consistent with the fact that the bactericidal activity of all antibiotics tested (except for vancomycin) was maintained against this strain when grown in broth in spite of its lower growth rate and is in sharp contrast to what has been originally shown for Escherichia coli exposed to ␤-lactams, for which killing rates are reduced in inverse proportion to their generation time (57) . We have not studied ␤-lactams here because of the resistance phenotype of our strains, but the lower response of vancomycin in broth may point to effects specific to cell wall synthesis inhibitors. Yet, our present data question the general hypothesis raised to explain the decreased susceptibility of intracellular S. aureus toward most antibiotics, namely, that their growth rate is impaired in phagolysosomes compared to broth and other extracellular milieus (4, 8, 51, 59) . Further studies will need to establish whether our observations are specific to the menD strain and/or can be extended to other slow-growing strains. They also will need to differentiate among the other potential causes, as the overall susceptibility may be dependent on a combination of several environmental as well as bacterial factors (see reference 59 for a review).
A second and perhaps even more striking observation is the shape of the response exhibited by all strains to moxifloxacin and oritavancin. While the modeling performed here may be of limited value because of the restricted number of independent data points, it nevertheless suggests that these two drugs might be able to eradicate intracellular pathogens much more effectively than other antibiotics if their extracellular concentration is further increased. While possibly clinically irrelevant (because this feature could involve drug concentrations that cannot reasonably be obtained in the extracellular milieus in patients), it raises interesting perspectives in terms of a dual mode of action for these drugs. A biphasic shape of the bacterial response to an increase in concentration has already been seen with telavancin (a lipoglycopeptide with structural similarities with oritavancin [61] ) for methicillinsusceptible S. aureus (MSSA) and MRSA (6) and with oritavancin for a thymidine-dependent SCV (38) . In both cases, this has been ascribed to the known dual mode of action of these drugs that probably involves an impairment of the building-up of the pepti-doglycan at low concentrations and membrane-destabilizing effects at higher concentrations (see reference 60 for a review). Conversely, we can offer no explanation for moxifloxacin at this stage, as this will require more extensive studies and detailed comparisons with other fluoroquinolones and other strains. Notably, however, a biphasic shape was also observed when studying the intracellular activity of delafloxacin, a very potent investigational fluoroquinolone (30) , against S. aureus. In this case, as in the present study, a biphasic response was observed when extending the range of concentrations to high multiples of the MIC (typically 1,000ϫ, which was possible for delafloxacin in view of its very low MICs, but explains why it escaped our attention in previous studies with other fluoroquinolones).
Concentrating on the SCVs, the present data, combined with those from our previous study using a thymidine-dependent strain (38) , suggest that the intracellular behaviors and susceptibilities of thymidine-, hemin-, and menadione-dependent SCVs to antibiotics are rather different. Our data reveal that antibiotics show the same profile of intracellular activity against the hemindependent SCV as against a normal-phenotype strain. They also display a similar intracellular maximal efficacy (as defined by the decrease in CFU from the initial inoculum at high concentration) against a wild-type and a menadione-dependent SCV but a much lower E min , which is reversed upon medium supplementation in menadione bisulfite and therefore attributable to its slower growth. This contrasts with our previous observations using a thymidine-dependent SCV, against which antibiotic activity (measured at a fixed concentration mimicking the human maximum concentration in serum [C max ]) remained lower than against a normal-phenotype strain, even when its intracellular growth was restored by thymidine supplementation. These differences in drug profiles of activity further show that there is no direct correlation between growth rate and susceptibility to antibiotics intracellularly.
As a conclusion, our work has thus shown that the intracellular fates of the two types of mutants are highly dissimilar, with specific consequences for antibiotic activity. Thus, the hemB mutant that grows intracellularly like the parental strain also responds similarly to antibiotics; the menD mutant, the growth of which is impaired in cells, sees its intracellular growth controlled by lower antibiotic concentrations (higher antibiotic potency) but with no change in maximal efficacy. This may be highly relevant when considering the effects that can be achieved at clinically relevant concentrations. Yet, a potential limitation of the present study is that it was performed with a single strain of each phenotype obtained by genetic engineering. Extending it to clinical isolates would be of clear interest, especially because SCVs are now recognized as a cause of persistence and recurrence in many infections, including osteomyelitis, device-associated infections, and pulmonary infections in CF patients (42) . However, our model offers the advantage of comparing strains sharing the same genetic background, which is a first, necessary step when performing the type of systematic pharmacological comparison we undertook here. Taking this limitation into account, the present data suggest that oritavancin and, to a lesser extent, moxifloxacin (for strains that remain susceptible; intracellular breakpoint of susceptibility, MIC, Յ0.125 mg/liter [28] ) may offer the most promising activity against these particular forms of intracellular infections, showing a high activity at clinically relevant concentrations. Notably, fluoroquinolones or lipoglycopeptides do not appear in the current recommendations of the Infectious Diseases Society of America for the management of MRSA infections (32) . They would therefore deserve further investigations using clinical isolates and in vivo models. a Calculated based on sigmoidal regressions with an Hill coefficient of 1 for extracellular data and for intracellular data with vancomycin, daptomycin, gentamicin, and rifampin, and based on bi-phasic sigmoidal regressions with Hill coefficients of 1 for intracellular data with moxifloxacin and oritavancin; b Increase in CFU (in log 10 units) from the corresponding original inoculum as extrapolated for infinitely low concentration of antibiotics (mean with 95% confidence interval). All R 2 for fittings are ≥ 0.79; c Decrease in CFU (in log 10 units) from the corresponding original inoculum as extrapolated for infinitely large concentration of antibiotics (mean with 95% confidence interval; values lower than -5 are not shown as this is our lowest limit of detection); d Concentration (x MIC) resulting in no apparent bacterial growth as determined by graphical interpolation. MIC values used: values at pH 7.4 for extracellular activity; values at pH 5.5 for intracellular activity for all strains by hemB mutant, value at pH 5.5 in the presence of hemin for hemB mutant based on data of Figure 2 suggesting availability of hemin-like compounds in the cellular medium. 
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